Gtsf1/Cue110, a gene encoding a protein with two copies of a CHHC Zn-finger motif, is involved in spermatogenesis and retrotransposon suppression in murine testes  by Yoshimura, Takuji et al.
Developmental Biology 335 (2009) 216–227
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyGtsf1/Cue110, a gene encoding a protein with two copies of a CHHC Zn-ﬁnger motif,
is involved in spermatogenesis and retrotransposon suppression in murine testes
Takuji Yoshimura a,b, Shuichi Toyoda b, Satomi Kuramochi-Miyagawa c, Tatsushi Miyazaki b,
Satsuki Miyazaki b, Fumi Tashiro b, Eiji Yamato b, Toru Nakano c, Jun-ichi Miyazaki b,⁎
a Supply Center of Inbred Animals of Osaka University, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan
b Division of Stem Cell Regulation Research, Osaka University Graduate School of Medicine, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan
c Department of Pathology, Graduate School of Medicine and Frontier Biosciences, Osaka University, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan⁎ Corresponding author. Fax: +81 6 6879 3829.
E-mail address: jimiyaza@nutri.med.osaka-u.ac.jp (J
0012-1606/$ – see front matter © 2009 Elsevier Inc. A
doi:10.1016/j.ydbio.2009.09.003a b s t r a c ta r t i c l e i n f oArticle history:
Received for publication 14 March 2009
Revised 1 September 2009
Accepted 1 September 2009
Available online 6 September 2009
Keywords:
CHHC Zn-ﬁnger
Cue110
DNA methylation
Gtsf1
IAP
Knockout mouse
Line-1
Male sterility
Retrotransposon
SpermatogenesisWe recently reported that the Gtsf1/Cue110 gene, a member of the evolutionarily conserved UPF0224 family,
is expressed predominantly in male germ cells, and that the GTSF1/CUE110 protein is localized to the
cytoplasm of these cells in the adult testis. Here, to analyze the roles of the Gtsf1/Cue110 gene in
spermatogenesis, we produced Gtsf1/Cue110-null mice by gene targeting. The Gtsf1/Cue110-null mice grew
normally and appeared healthy; however, the males were sterile due to massive apoptotic death of their
germ cells after postnatal day 14. In contrast, the null females were fertile. Detailed analyses revealed that
the Gtsf1/Cue110-null male meiocytes ceased meiotic progression before the zygotene stage. Thus, the Gtsf1/
Cue110 gene is essential for spermatogenesis beyond the early meiotic phase. Furthermore, the loss of the
Gtsf1/Cue110 gene caused increased transcription of the long interspersed nucleotide element (Line-1) and
the intracisternal A-particle (IAP) retrotransposons, accompanied by demethylation of their promoter regions.
These observations indicate that Gtsf1/Cue110 is required for spermatogenesis and involved in retrotransposon
suppression in male germ cells.
© 2009 Elsevier Inc. All rights reserved.Introduction
Spermatogenesis is a dynamic and complicated process that
consists of mitosis, meiosis, and spermiogenesis. In the meiotic
phase, one spermatocyte eventually divides into four round sperma-
tids, each containing a haploid genome. Meiotic prophase I, during
which the cells prepare for metaphase I, which follows, is divided into
ﬁve stages: leptonema, zygonema, pachynema, diplonema, and
diakinesis. Mice deﬁcient in genes involved in the process of meiotic
prophase I show an arrest of spermatogenesis at various points in
prophase I, followed by the apoptosis of meiocytes. Our understand-
ing of the molecular mechanisms underlying the process of meiotic
prophase I, and of spermatogenesis as a whole, should improve with
the comprehensive identiﬁcation of the genes involved.
Some of the genes speciﬁcally expressed in germ cells are
essential for germ-cell maintenance and differentiation, including
the progression of meiotic prophase I (Tanaka et al., 2000; Crackower
et al., 2003; Kuramochi-Miyagawa et al., 2004; Ballow et al., 2006;
Chuma et al., 2006; Toyoda et al., 2009). Hence, we used an in silico. Miyazaki).
ll rights reserved.subtraction method to identify novel genes speciﬁcally expressed in
germ cells, and succeeded in identifying a novel transcript expressed
in the unfertilized eggs, ovaries, and testes of the mouse (Yoshimura
et al., 2007). The open reading frame (ORF) encodes a 167-amino-
acid protein belonging to the UPF0224 (unknown protein family
0224) family. This protein contains two tandem repeats of a CHHC
Zn-ﬁnger domain, which is predicted to function as an RNA
recognition and binding module (Andreeva and Tidow, 2008). We
designated the gene as Cue110, which is herein referred to as Gtsf1,
according to the Mouse Genome Informatics nomenclature. The Gtsf1
transcript is expressed in both male and female gonads from
embryonic day (E) 13.5 to adulthood, and GTSF1 protein resides
predominantly in the cytoplasm of spermatocytes and round
spermatids. These results suggested that the Gtsf1 gene might play
important roles in the meiotic and/or post-meiotic phases during
spermatogenesis.
Gene products in various subcellular locations cooperate to
promote meiotic progression. For example, many intranuclear
proteins are implicated in the cell cycle, DNA replication, DNA
recombination, or synaptonemal complex formation during meiosis
(Cohen and Pollard, 2001; Cohen et al., 2006). On the other hand,
some cytoplasmic proteins, such as MAEL, which is encoded by a
murine homolog of the Drosophila gene maelstrom, MVH, which is a
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murine homolog of the Drosophila gene Vasa, and TDRD1, which is
encoded by a tudor-related gene, localize to an intracellular
compartment called the nuage (Toyooka et al., 2000; Chuma et al.,
2006; Soper et al., 2008), which is implicated in mitochondrial
function, RNA regulation, and transposon control during spermato-
genesis (Chuma et al., 2009).
Retrotransposons comprise roughly 40% of the mammalian
genome, and have propelled genome evolution (Kazazian, 2004).
Although most retrotransposons are inactive, some are capable of
transposing to other genomic regions when derepressed (Ostertag
and Kazazian, 2001). They are mainly classiﬁed into long terminal
repeat (LTR) and non-LTR types. Line-1, a non-LTR retrotransposon, is
expressed in spermatocytes during meiotic prophase I in the adult
mouse testis (Branciforte and Martin, 1994). IAP is an LTR-type
retrotransposon, probably derived from a retrovirus; it is expressed
only in gonocytes and premeiotic undifferentiated spermatogonia
(Dupressoir and Heidmann, 1996). Recently, a transcriptional
silencing mechanism involving DNA methylation was found to
regulate the expression of Line-1 and IAP in the male gonad (Aravin
and Bourc'his, 2008). This mechanism requires two piwi family genes,
which encode the MILI and MIWI2 proteins. These proteins play a
central role in the generation of piwi-interacting RNAs (piRNAs),
which are thought to be guiding molecules that recognize speciﬁc
methylation targets, such as those involved in the silencing of
transposons. The integrity of this mechanism is proposed to be
important for restraining the unregulated expansion of retrotranspo-
sons in the germline, which would be deleterious for subsequent
generations (Aravin et al., 2007a).
In the current study, to investigate the role of the Gtsf1 gene, we
generated a Gtsf1 knockout mouse. The Gtsf1-null mice showed male-
speciﬁc sterility owing to a disturbance of spermatogenesis in the
early meiotic phase. Furthermore, we demonstrated that the loss of
the Gtsf1 gene reduced the methylation of the regulatory regions of
retrotransposons and increased their transcription in testes, similar to
observations in Mael-, Mili-, or Miwi2-null mice (Soper et al., 2008;
Aravin et al., 2007b; Carmell et al., 2007).
Materials and methods
Generation of Gtsf1−/− mice
The Gtsf1 targeting vector was designed to replace the DNA
sequences from exons 2 to 4 of the mouse Gtsf1 gene locus
(Yoshimura et al., 2007) with an IRES (internal ribosomal entry
site)-βgeo cassette (Mountford et al., 1994) and a PGK-puro cassette.
A 6-kb fragment containing exon 1 and exon 1.1 was PCR-ampliﬁed
using LA Taq (Takara, Shiga, Japan) with primers 5′-CACAAG-
CATCCTGTCTCATGTG-3′ and 5′-CTACACTTCTGGTCTGGGATTAC-3′. A
4-kb fragment containing intron 3 was PCR-ampliﬁed using LA Taq
with primers 5′-CTGTTGTTTCAGTCTCCAGAGA-3′ and 5′-GGCAGGG-
TATCATCTTTCTATTC-3′. The 6-kb and 4-kb fragments were inserted
upstream and downstream of the IRES-βgeo-PGK-puro cassette,
respectively (Fig. 1A). The resulting targeting vector was linearized
by SwaI digestion and introduced into EB3 embryonic stem (ES) cells
by electroporation (Robertson, 1987; Ramirez-Solis et al., 1993). EB3
is a germ line-competent subclone derived from E14tg2a ES cells
(Miyazaki et al., 2004, 2005). Genomic DNAs from puromycin-
resistant colonies were screened for homologous recombination by
long genomic PCR using the P2–P3 primers shown in the Supple-
mentary Table. Two targeted clones were identiﬁed and injected into
blastocysts collected from superovulated C57BL/6 female mice on
E3.5. The treated blastocysts were then transferred into the uterus of
pseudopregnant MCH-ICR female mice (CLEA Japan Ltd., Tokyo,
Japan) to obtain chimeric mice. Male chimeras were mated with
female C57BL/6 mice, resulting in germ-line transmission of themutant allele. Genomic DNAs from the offspring obtained by
intercrossing Gtsf1+/− mice were analyzed by PCR for the presence
of the mutant and wild-type alleles, using the P4–P6 and P5–P6
primers (Supplementary Table).
The mutant mice used in this study were of a mixed genetic
background (129/Ola×C57BL/6). We conﬁrmed that the phenotype
of the Gtsf1−/− testis was the same as that of the mutant mice after
backcrosses with C57BL/6 mice to the fourth generation (data not
shown). All the animal experiments were performed according to
protocols approved by the Animal Care and Use Committee of Osaka
University Graduate School of Medicine.RT-PCR and quantitative RT-PCR
Total RNA was extracted from the testes of mice at different ages
by the acid guanidine–phenol–chloroform (AGPC) method. RNA was
reverse-transcribed using an oligo (dT) primer and ReverTra Ace
reverse transcriptase (Toyobo, Osaka, Japan). Reverse transcription
was performed for 1 h at 42 °C in a total volume of 40 μl with 1 μg RNA
pretreated with RNase-free DNase per sample, according to the
manufacturer's instructions.
One microliter of the cDNA products was ampliﬁed by PCR using
gene-speciﬁc primers. The PCR conditions were 98 °C for 15 s, 60±
5 °C for 30 s, and 72 °C for 60 s for 20–30 cycles, followed by an
extension for 10 min at 72 °C. The ampliﬁed products were separated
by electrophoresis on a 1.5% agarose gel and detected by ethidium
bromide staining. As an internal control, GAPDH cDNA was ampliﬁed
as a 450-bp product. The primers used for RT-PCR are shown in the
Supplementary Table.
Quantitative RT-PCR was performed on an ABI PRISM 7700
Sequence Detector (Applied Biosystems, Foster, CA). Actb mRNA was
used as a standard control (primer sequences are shown in the
Supplementary Table). The ampliﬁcation conditions consisted of an
initial denaturation at 90 °C for 10 s, followed by 40 cycles of
denaturation at 95 °C for 5 s and annealing and extension at 60 °C for
30 s. The primer pairs for the ampliﬁcation of Line-1 and IAP,
respectively, L1ORF2-F and -R and IAP3LTR-F and -R, were used as
described previously (Carmell et al., 2007).Histology and immunostaining
For histological analysis, tissues were ﬁxed overnight in 10%
formalin, embedded in parafﬁn wax, sectioned, mounted, and stained
with hematoxylin and eosin. E17.5 testis sections were ﬁxed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 10 min,
followed by three 10-min washes with PBS. For the staining of
meiocyte spreads or frozen sections, the cells or tissue sections were
blocked with blocking buffer containing 3–10% goat serum in PBS for
1 h at room temperature or overnight at 4 °C, and incubated with
primary antibody in blocking buffer for 1 h at room temperature or
overnight at 4 °C. The primary antibodies were anti-GTSF1 (1:1000;
Yoshimura et al., 2007), anti-RAD51 (1:400; Ab-1; Oncogene, San
Diego, CA), anti-SYCP1 (1:50; NB300-229; Novus Biologicals, Lit-
tleton, CO), anti-SYCP3 (1:100; ab12452; Abcam, Cambridge, UK), and
anti-γ-H2AX (1:333; #07-164; Upstate, Lake Placid, NY). After three
15-min washes with PBS, the cells or tissue sections were incubated
with the secondary antibody (1:250–500; Alexa 488- or 568-
conjugated goat anti-rabbit or mouse immunoglobulin; Molecular
Probes, Eugene, OR) in blocking buffer for 60 min at room
temperature. DAPI (300 nM; Sigma-Aldrich, St. Louis) was used for
nuclear counterstaining of the tissue sections. The cells or tissue
sections were washed three times with PBS for 15 min each, and
the signals were examined by ﬂuorescence microscopy (Olympus,
Tokyo, Japan).
Fig. 1. Generation of a targeted allele of Gtsf1. (A) The Gtsf1 gene is composed of 10 exons. The targeting vector included an IRES-βgeo and PGK-puro fusion cassette for replacement
and an MC1-DTA cassette for negative selection. (B) The genotyping of Gtsf1+/− ES cells was performed by long PCR using the P2–P3 primers. (C) Genotyping of the tail DNA from
Gtsf1+/+, Gtsf1+/−, and Gtsf1−/−mice was performed by PCR using the P4–P6 and P5–P6 primers. (D) RT-PCR analysis of the testes from 7-week-old Gtsf1+/+ and Gtsf1−/−mice
was performed using the P7–P8 primers. (E) Western blotting was performed with the testes from 7-week-old Gtsf1+/+, Gtsf1+/−, and Gtsf1−/− mice using a polyclonal antibody
against the full-length GTSF1 protein. HEK293 cells transfectedwith pCAG-IRES-puro and pCAG-Gtsf1-IRES-purowere used as the negative and the positive control, respectively. Arrow
indicates the predicted band of GTSF1. (F) Gtsf1+/− and Gtsf1−/− testes from embryonic day 17.5 littermates were immunostained with the anti-GTSF1 antibody. Scale bar, 25 μm.
218 T. Yoshimura et al. / Developmental Biology 335 (2009) 216–227Analysis of apoptosis
Postnatal testes were ﬁxed with 1% paraformaldehyde in PBS for
10 min, washed three times with PBS, and treated with ethanol/acetic
acid (2:1) for 5min at−20 °C. Terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL) staining was
performed using the ApopTag Plus Fluorescein In Situ Apoptosis
Detection Kit (Chemicon International, Temecula, CA), according to
the instruction manual. For the apoptotic index, we used the method
of Seaman et al. (2003) and Ballow et al. (2006), which involvescounting the number of seminiferous tubule cross-sections containing
more than three TUNEL-positive germ cells. At least 50 cross-sections
from Gtsf1+/+ and Gtsf1−/− testes were analyzed on postnatal day
(P) 10, 14, and 18. The datawere represented as the average±SE from
3 to 5 different Gtsf1+/+ and Gtsf1−/− mice.
Meiocyte preparations for staging Gtsf1−/− spermatocytes
Spermatogenic cells from P12, 14, 18, 22, or 49 mice were spread
on glass slides using the drying-down technique for spreading
Table 1
Infertility of Gtsf1−/− male mice.
Genotype No. of
mice
No. of WT mice
mated with each
mouse
Total no.
of litters
Litter size
(mean±SD)
No. of fertile
mice
WT ♂ 4 2 5 8.4±1.7 3/4
−/− ♂ 4 2 0 0 0/4
WT ♀ 6 1 6 8.2±1.6 6/6
−/− ♀ 6 1 6 7.3±1.6 6/6
Male or female mice of the indicated genotype for Gtsf1 were mated with female or
male wild-type (WT) mice.
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washes with PBS for 30 min each, the cells were immunostained with
anti-γ-H2AX, anti-RAD51, anti-SYCP1, or anti-SYCP3 antibodies, as
described above.
Western blotting
Tissues were homogenized in RIPA buffer (150mMNaCl, 0.1% SDS,
0.1% sodium deoxycholate, 1% NP-40, 10 mM Tris–HCl, pH 7.4, 1 mM
EDTA, 1 mM PMSF, 10 μg/ml aprotinin, 10 μM leupeptin). For each
sample, 7.5 μg solubilized protein extract was mixed with a half
volume of 3× sample buffer (New England Bio Labs, Beverly, MA) and
a 1/25 volume of 1 M DTT, heated at 99 °C for 5 min, separated on an
18% SDS-polyacrylamide gel, and electroblotted onto an Immobilon-P
membrane (Millipore, New Bedford, MA). The blot was incubated
with a blocking solution containing 3% skim milk in TTBS (10 mM
Tris–HCl, pH 7.6, 137 mM NaCl, 0.1% Tween 20) overnight at 4 °C, and
incubated with a 1:500-diluted anti-GTSF1 antibody (Yoshimura et
al., 2007) in blocking solution for 1 h at room temperature. The
membrane was washed and then incubated with 1:2000-diluted
horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin
(Dako, Kyoto, Japan) in blocking solution for 1 h at room temperature,
washed, and visualized with an ECL detection system (GE Healthcare,
Buckinghamshire, UK).
Methylation-sensitive Southern blot analysis
Whole-testis DNA was extracted from neonatal or 14-day-old
mice, and 3 μg of DNA were digested with the methylation-sensitive
restriction enzyme HpaII or the methylation-insensitive enzymeMspI
(and simultaneously with KpnI for type Gf Line-1). The probe region
for the type A Line-1 5′-noncoding region was cloned using PCR
primers for amplifying the region corresponding to a type A Line-1
element (Gene Bank accession number: M13002, nucleotides 780–
1628). The probe for the type Gf Line-1 5′-noncoding region was as
described (Kuramochi-Miyagawa et al., 2008). The gel-puriﬁed probe
fragments were labeled using the Gene Images Random Prime
labeling Module (GE Healthcare). Southern blotting was done using
the Gene Images CDP-Star Detection Module (GE Healthcare).
Bisulﬁte methylation analysis
Bisulﬁte treatment of the genomic DNA isolated from the testes of
14-day-old mice was performed using the EpiTect bisulﬁte kit
(Qiagen, Germantown, MD). An LTR region of IAP (5.4 kb, IΔ1-type)
on chromosome 16qB2 was arbitrarily selected for analysis by nested
PCR, and the product was sequenced. The ﬁrst and second rounds of
PCR were carried out using the primers as described (Kuramochi-
Miyagawa et al., 2008).
Results
Male mice deﬁcient in the Gtsf1 gene are infertile
To investigate the function of the Gtsf1 gene in vivo, we generated
Gtsf1 gene knockout mice by the gene targeting of ES cells. We
constructed a replacement-targeting vector with an IRES-βgeo cassette
and a PGK-puro cassette (Fig. 1A). These cassettes replaced a 2.9-kb
region from the ﬁrst coding ATG in exon 2 to exon 3. We applied
genomic PCR to detect the targeted mutant allele in puromycin-
resistant ES cell clones (Fig. 1B), and the resulting PCR products were
sequenced to conﬁrm the correct recombination. The targetedallelewas
transmitted through the male germ line of the chimeras.
Heterozygous knockout mice were intercrossed, and the offspring
were genotyped by genomic PCR using three primers (Fig. 1C). The
wild-type (Gtsf1+/+), heterozygous (Gtsf1+/−), and homozygous(Gtsf1−/−) genotypes were obtained at a ratio of 82:150:62,
consistent with Mendelian law (chi-squared test; pN0.3). Both male
and female Gtsf1−/−mice lived for more than 1 year without obvious
differences from their littermates in terms of their general physical
appearance. RT-PCR analysis of the Gtsf1 transcripts between exon 4
and exon 6, which are located downstream of the targeted exons,
revealed that the Gtsf1−/− testes did not produce abnormal
transcripts of the coding region by exon skipping, conﬁrming the
disruption of Gtsf1 (Fig. 1D). Western blotting of the testes with a
rabbit polyclonal antibody raised against the full-length GTSF1
protein (Yoshimura et al., 2007) detected GTSF1 protein in the
samples from Gtsf+/+ or Gtsf1+/− mice but not from Gtsf1−/− mice
(Fig. 1E). Furthermore, immunostaining of the testes from E17.5
littermates detected the GTSF1 protein in the Gtsf1+/− but not the
Gtsf1−/− gonocytes (Fig. 1F). The GTSF1 protein appeared to be
granularly distributed in the cytoplasm.
Female Gtsf1−/− mice were fertile when examined over a period
of 6 months (Table 1). Histological analyses revealed no abnormalities
in the Gtsf1−/− ovaries (data not shown). When Gtsf1−/− male mice
were mated with female C57BL/6 mice, they copulated normally, as
conﬁrmed by the formation of vaginal plugs, but no pups were born
(Table 1). We therefore examined the reproductive organs of the
adult Gtsf1−/−male mice. The vas deferens and epididymis appeared
normal, but the testes were much smaller than those of Gtsf+/+ mice
(Fig. 2A). Hematoxylin and eosin staining of testis and epididymis
sections from 5-month-old Gtsf1−/− mice revealed a considerable
depletion of meiotic cells and the complete depletion of post-meiotic
cells (Fig. 2B right panel) and mature sperm (Fig. 2C right panel), in
contrast to the testis and epididymis of the Gtsf+/+ (Fig. 2B left panel
and C left panel) or Gtsf1+/− (data not shown) male littermates,
which exhibited a normal appearance. On the other hand, the
spermatogonia (Fig. 2B arrow) and Sertoli cells (Fig. 2B arrowhead)
in the seminiferous tubules of the Gtsf1−/− mice appeared normal.
RT-PCR analysis of genes expressed in the testes
We next performed an RT-PCR analysis using testis cDNAs derived
from 7-week-old Gtsf+/+ and Gtsf1−/− mice (Fig. 2D). Transcripts of
genes that are expressed before the pachytene spermatocyte stage
were detected in the testes of both Gtsf1+/+ and Gtsf1−/− adult mice.
These included a DNAmismatch repair gene,Mlh1 (Baker et al., 1996;
Edelmann et al., 1996), a component of recombination nodules, Dmc1
(Habu et al., 1996), Mili (Kuramochi-Miyagawa et al., 2001), Mvh
(Fujiwara et al., 1994; Toyooka et al., 2000),Mybl1, which is expressed
during the development from type-B spermatogonia to pachytene
spermatocytes (Mettus et al., 1994; Trauth et al., 1994), Sycp1, which
encodes a major component of the transverse ﬁlaments of the
synaptonemal complex (SC), and Sycp3, a component of the axial/
lateral element of the SC (Meuwissen et al., 1992; Sage et al., 1995;
Klink et al., 1997). However, although these genes were expressed in
both genotypes, their levels in the Gtsf1−/− testis appeared lower
than in the Gtsf1+/+ testis except for Dmc1. This decrease could be
explained by the decrease in the number of spermatocytes in the
Gtsf1−/− testis.
Fig. 2. Phenotype of adult Gtsf1−/− mice. (A) Testes and epididymides from 5-month-old Gtsf1+/+ (left) and Gtsf1−/− (right) male mice. (B, C) Hematoxylin and eosin-stained
sections of the testes (B) and epididymides (C) from 5-month-old Gtsf1+/+ (left) and Gtsf1−/− (right) male mice. Arrows and arrowheads indicate spermatogonia and Sertoli cells,
respectively. (D) RT-PCR analysis of stage-speciﬁc genes during spermatogenesis. Testis RNA samples were prepared from Gtsf1+/+and Gtsf1−/−male littermates at 7 weeks of age.
Gapdh ampliﬁcation served as the loading control. Scale bar, 50 μm.
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exclusively during the round spermatid stage (Kleene et al., 1984;
Hecht et al., 1986), and Ccna1, which is highly expressed during the
late-pachytene spermatocyte stage (Sweeney et al., 1996), were
undetectable in the Gtsf1−/− testes. Similarly, the Gtsf1−/− testis
lacked the transcripts for Calmegin (Watanabe et al., 1994) and Hoxa4
(Rubin et al., 1986), whose transcription begins at the pachytene
stage. These results indicated that spermatogenesis in the Gtsf1−/−
testes becomes aberrant before the pachytene stage, consistent with
our histological ﬁndings that the testes from 5-month-old Gtsf1−/−
mice showed a decrease in meiotic cells and lacked spermatids and
spermatozoa.
Histological abnormality occurs in the ﬁrst wave of spermatogenesis in
the testes of juvenile Gtsf1−/− mice
To conﬁrm and extend the above observations, we sought to
determine the initial occurrence of spermatogenic defects in postnatal
development. On P10, the testes from Gtsf1+/+ and Gtsf1−/− miceFig. 3. Defective appearance of spermatocytes during the ﬁrst wave of spermatogenesis in Gt
postnatal day 10 (A, B), 14 (C, D), and 18 (E, F) were stained by hematoxylin and eosin. Arr
50 μm.were essentially the same, histologically (Figs. 3A and B), withmeiosis
proceeding until the leptotene stage (Bellve et al., 1977). On P14,
when pachytene spermatocytes normally begin to appear in some of
the seminiferous tubules (Bellve et al., 1977), some tubules in the
Gtsf1−/− testes contained malformed spermatogenic cells (Fig. 3D
arrows). On P18, the majority of the tubules in the Gtsf1−/− testis
contained abnormal spermatogenic cells (Fig. 3F arrows). Thus, the
histological abnormality in the Gtsf1−/− testes emerged around P14,
consistent with our histological observation in the adult Gtsf1−/−
testes that the degeneration of the Gtsf1−/− spermatogenic cells
begins within the meiotic phase.
Increased apoptosis during the ﬁrst meiotic wave in the Gtsf1−/− testis
To examine the cause of the spermatocytes' progressive degener-
ation, we performed TUNEL analyses. We examined and quantiﬁed
the amount of apoptosis in the Gtsf1−/− testes on P10, 14, and 18
(Fig. 4A). The apoptotic index (Seaman et al., 2003; Ballow et al.,
2006) was signiﬁcantly higher in the Gtsf1−/− testes than the Gtsf1+/+sf1−/−mice. Testis sections from Gtsf1+/+ (A, C, E) and Gtsf1−/− (B, D, F) littermates on
ows show malformed or abnormal cells within the seminiferous epithelium. Scale bar,
Fig. 4. Apoptosis in the Gtsf1+/+ (B and D) and Gtsf1−/− (C and E) testes during the ﬁrst wave of spermatogenesis. (A) Apoptotic index±SE was determined from 3 to 5 mice and
analyzed using the Student's t-test (⁎denotes a signiﬁcant difference (Pb0.01) between the Gtsf1+/+ and Gtsf1−/− groups). The apoptotic index is deﬁned as the percentage of
seminiferous tubule cross-sections with N3 TUNEL-positive germ cells (Seaman et al., 2003; Ballow et al., 2006). Apoptosis was assessed in mouse testis cross-sections by TUNEL
staining on P10 (data not shown), 14 (B, C), and 18 (D, E). Scale bar, 50 μm.
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E). This time frame is coincident with the ﬁrst appearance of abnormal
cells in the seminiferous tubules in the Gtsf1−/− testes on P14 and the
prominent degenerative histology seen on P18 (Figs. 3D and F). These
results suggested that the histologically abnormal spermatogenic cells
observed in the Gtsf1−/− testes were undergoing apoptosis, and that
the apoptosis of Gtsf1−/− meiocytes begins around P14.
Arrest of meiotic progression in Gtsf1−/− meiocytes
Next, we analyzed the nature of the abnormality of the Gtsf1−/−
meiocytes in detail, by preparing meiocyte spreads (Peters et al.,
1997) and probing them with anti-γ-H2AX, anti-RAD51, anti-SYCP1,
and anti-SYCP3 antibodies. Meiocytes were obtained from the testes
of Gtsf1+/+ and Gtsf1−/− littermates at different ages.
SYCP3 marks both paired and unpaired chromosomal regions
(Lammers et al., 1994). In the normal testis, axial elements marked by
SYCP3 staining began to appear as obvious spots in leptotene-stage
nuclei, and were formed along the chromatids (Figs. 5A and G left
panels). This process was mostly complete by the late-zygotene stage(Figs. 5E and K left panels). In spread meiocytes derived from the
Gtsf1−/− adult testes, the axial elements stained by the anti-SYCP3
antibody were partially formed, suggesting that these meiocytes
were in a leptotene- or early zygotene-like stage (Figs. 5B, D, F, H, J,
and L, left panels).
Homologous recombination is initiated by SPO11-induced double-
strand breaks (DSBs), followed by the phosphorylation of histone
H2AX on serine 139 (γ-H2AX) at the sites of DSBs (Mahadevaiah et al.,
2001). RAD51, a component of the early recombination nodule, is
recruited to the DSB sites (Cohen et al., 2006). In spread meiocytes
derived from the Gtsf1−/− adult testes, we observed many meiocytes
stained by the anti-γ-H2AX antibody (Figs. 5B, D, and F, middle
panels) and the anti-RAD51 antibody (Supplementary ﬁg. 1D and E
middle panels). It is noteworthy that many leptotene- or early
zygotene-like meiocytes from the Gtsf1−/− testes appeared to be
stained with the anti-γ-H2AX antibody more intensely than those
from the wild-type testes (Figs. 5D and F middle panels). Similar
results were obtained using P12 testes (data not shown). This
observation suggests that the loss of Gtsf1 leads to the accumulation
of DNA damage. Combined with the axial elements' formation seen in
Fig. 5.Meiotic staging analysis by the immunostaining of Gtsf1−/− meiocytes. Spread meiocytes were prepared from the testis of adult Gtsf1+/+ (A, C, E, G, I, and K) and Gtsf1−/−
(B, D, F, H, J, and L) littermates, and immunostained with anti-SYCP3 (red) and anti-γ-H2AX (A-F; green), or anti-SYCP3 (red) and a nti-SYCP1 (G-L; green) antibodies. The right
image in each panel shows the merged image of the left and middle images of the same meiocyte. Gtsf1+/+ meiocytes in the leptonema (A, G), early zygonema (C, I), and late
zygonema (E, K) are shown. All of the Gtsf1−/− meiocytes appeared to be in a leptotene-like stage. The stage of the meiocytes in panels B and H seemed to be earlier than that in
panels D, F, J, and L. Scale bar, 5 μm.
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meiocytes undergo meiotic initiation.
In the zygotene stage, homologous chromosomes are synapsed
along axial/lateral elements, and the synaptonemal complex formation
is complete by the pachytene stage, except for the sex chromosomes. To
examine whether the Gtsf1−/− meiocytes could progress to the
zygotene stage, we used an anti-SYCP1 antibody to stain for synapsed
axial/lateral elements (Mahadevaiah et al., 2001). Synapsed axial/
lateral elements stained by the anti-SYCP1 antibody were observed in
the Gtsf1+/+ meiocytes (Figs. 5I and K middle panels); 106 of 113SYCP3-positive meiocytes were SYCP1-positive. In contrast, of 1077
SYCP3-positive Gtsf1−/−meiocytes, nonewas SYCP1-positive (Figs. 5H,
J, and L, middle panels). These results suggested that the meiosis of
the Gtsf1−/− meiocytes failed to progress beyond the leptotene stage.
We further examined theGtsf1−/− prepuberal testes at P14, 18, and 22,
and again found no synapsed axial/lateral elements stained with the
anti-SYCP1 antibody in the Gtsf1−/− prepuberal testes (data not
shown). Combined with the results in Fig. 4, these ﬁndings suggest
that the Gtsf1−/− male germ cells enter into meiosis, but undergo
meiotic arrest before the zygotene stage, and undergo apoptosis.
Fig. 6. Expression of retrotransposons and the methylation of their regulatory regions in the Gtsf1−/− testes. (A) Testis section from a P49 Gtsf1−/−mouse, stained with hematoxylin
and eosin. Arrows show abnormal cells whose expanded nuclei contained scattered chromatin, within the seminiferous epithelium. Scale bar, 50 μm. (B) Quantitative RT-PCR
analysis of Line-1 and IAP elements in the Gtsf1+/− and Gtsf1−/− testes from P14 littermates. The values were normalized to the Actb expression and plotted relative to the
average expression in the Gtsf1+/− testes. Error bars represent SE. (C) Southern blot analysis of the Line-1 (L1) promoter region. Whole testis DNA was extracted from Gtsf1+/−
and Gtsf1−/− littermates on P14. Lane H and M show, respectively, results from DNA samples treated with HpaII, a methylation-sensitive restriction enzyme, and MspI, a
methylation-insensitive restriction enzyme. (D) Bisulﬁte sequencing analysis of the LTR region of the IΔ1-type IAP on chromosome 16qB2, using the PCR primers described
elsewhere (Kuramochi-Miyagawa et al., 2008).
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As shown in Figs. 5D and F, leptotene-like meiocytes from the
Gtsf1−/− testes appeared to be stained with an anti-γ-H2AX anti-
body more intensely than those from the wild-type testes, which is
also the case for the Miwi2 mutant testis (Carmell et al., 2007).
Furthermore, abnormal cells containing expanded nuclei with
scattered chromatin were observed in the adult Gtsf1−/− testis
(Fig. 6A arrows). Similar cells were also seen in the testes of Mael
and Miwi2 mutants. These mutants are reported to exhibit an
enhanced expression of retrotransposons Line-1 and IAP in the
testes, compared with wild-type mice (Carmell et al., 2007; Soper et
al., 2008). To test the possibility that the loss of Gtsf1 might lead to
retrotransposon activation, we analyzed the expression of the Line-
1 and IAP elements in the Gtsf1−/− testes by quantitative RT-PCR
(Fig. 6B). At P14, the expression levels of the Line-1 and IAP
elements in the Gtsf1−/− testes were markedly higher than in the
Gtsf1+/− testes. Thus, the lack of Gtsf1 leads to the abnormal
activation of two types of retrotransposons in the testis.
Retrotransposons are thought to be suppressed through DNA
methylation of their regulatory regions. Mael, Mili, and Miwi2 areessential for the DNA methylation of the regulatory regions of Line-1
and IAP in murine testes (Aravin et al., 2007b; Carmell et al., 2007;
Kuramochi-Miyagawa et al., 2008; Soper et al., 2008). We speculated
that the enhanced expression of Line-1 and IAP in the Gtsf1−/− testes
might also result from the hypomethylation of their regulatory
regions. The transposable Line-1 family is largely divided into three
subfamilies, the A, Tf, and Gf-types, according to the homology of their
5′UTR promoter sequence (Goodier et al., 2001). We examined the
methylation of the promoter regions of A and Gf-type Line-1 by
methylation-sensitive Southern blot analysis. This analysis revealed
that, as we predicted, the regulatory region of the type Gf and type A
Line-1 was hypomethylated in the Gtsf1−/− testes at P14 (Fig. 6C).
To examine the methylation status of the IAP promoter region, we
analyzed the methylation pattern of CpGs in the LTR region of the
IΔ1-type IAP on chromosome 16 by bisulﬁte sequencing. This LTR
region is reported to be hypomethylated in Mili-deﬁcient male germ
cells (Kuramochi-Miyagawa et al., 2008). We found that this region
was highly methylated in the Gtsf1+/− testes, but its methylation
level was much reduced in the Gtsf1−/− testes (Fig. 6D). Some of the
methylated CpGs in the sequences from the Gtsf1−/− testes were
probably derived from somatic cells in the testes, as reported for the
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2007), and therefore the actual level of methylation in the germ cells
was probably even lower. These results suggest that the loss of Gtsf1
leads to hypomethylation of the transcriptional regulatory regions of
Line-1 and IAP, which consequently contributes to the enhanced
expression of these retrotransposons.
Discussion
In the current study, we demonstrated that Gtsf1-null mice
exhibited male-speciﬁc sterility and that their spermatogenesis was
disturbed in the early meiotic prophase I. Furthermore, the Gtsf1-null
testes showed derepression of the retrotransposons Line-1 and IAP,
suggesting that the Gtsf1 gene is involved in the suppression of the
retrotransposons. Recently,Mael,Mili, andMiwi2were reported to be
essential for suppressing retrotransposon activity in the testis (Aravin
et al., 2007b; Carmell et al., 2007; Soper et al., 2008). Male mice
deﬁcient in these genes show an arrest of spermatogenesis at the early
meiotic phase (Kuramochi-Miyagawa et al., 2004; Carmell et al., 2007;
Soper et al., 2008), whileMili- andMiwi2-null female mutants exhibit
no obvious defects, although the phenotype of Mael-null females has
not been reported. The reason for the sexual dimorphism of these
mutants has not been clariﬁed. It has been proposed that the cellular
mechanisms that regulate and monitor prophase I events during
mammalian meiosis are more stringent in males than females (Hunt
and Hassold, 2002; Morelli and Cohen, 2005), which might explain
the normal fertility in Gtsf1-, Mili-, and Miwi2-null females.
Since the phenotypes in the Mili−/− and Miwi2−/− mice are
similar to those we observed in the Gtsf1−/− mice in terms of the
earlymeiotic arrest, retrotransposon activation, and normal fertility of
the females, previous reports on these genes may provide some clues
for understanding the role of GTSF1 in spermatogenesis.
The participation of GTSF1 in DNA methylation
Mael and Mili are expressed in male gonads from the onset of sex
determination to adulthood (Costa et al., 2006; Kuramochi-Miyagawa
et al., 2001). This expression pattern is similar to that of Gtsf1
(Yoshimura et al., 2007). Miwi2 is also expressed in male gonads
during these periods, but its expression peaks from embryonic day (E)
15 to 18, when de novo methylation occurs in male germ cells
(Kuramochi-Miyagawa et al., 2008). During E15 to 18, the MILI and
MIWI2 proteins exhibit a granular distribution in the cytoplasm
(Aravin et al., 2008). GTSF1 is predominantly detected during
spermatogenesis from the pachytene spermatocytes to the round
spermatids by immunohistochemistry, while a weak GTSF1 signal is
detected in male gonads from E13.5 to P14 by western blotting
(Yoshimura et al., 2007). In the present study, similar to the MILI and
MIWI2 proteins, a granular distribution of GTSF1 was observed in the
male gonocytes at E17.5 (Fig. 1F).
The MILI and MIWI2 proteins are required for de novomethylation
of the retrotransposons' promoter regions. These two proteins
directly associate with distinct piRNAs corresponding to retrotran-
sposons, and are essential for piRNA ampliﬁcation. Indeed, the
prepachytene piRNAs corresponding to retrotransposons are de-
creased or absent in Miwi2-null or Mili-null male gonads at E16.5,
respectively (Kuramochi-Miyagawa et al., 2008). It has been proposed
that these complexes consequently induce retrotransposon suppres-
sion through methylation of the retrotransposons' promoter regions
(Aravin et al., 2007b; Kuramochi-Miyagawa et al., 2008). Considering
the localization of GTSF1 in male gonocytes (Fig. 1F) and the
demethylation of the Line-1 (Fig. 6C) and IAP (Fig. 6D) promoter
regions in the prepuberal Gtsf1−/− testes, GTSF1 might be also
involved in the de novo methylation of the retrotransposons'
promoter regions.The relationship of GTSF1 to proteins residing in the nuage in adult testis
The nuage is an amorphous cytoplasmic structure consisting of
RNA and protein that is present in spermatogenic cells from the
prospermatogonia to the elongating spermatids (Chuma et al., 2009).
MAEL and MILI localize to the cytoplasm in the adult testis, especially
to the nuage in spermatogenic cells (Soper et al., 2008; Aravin et al.,
2008), and interact with each other (Costa et al., 2006). MVH and
TDRD1 show a similar localization as these proteins in the adult testis
(Toyooka et al., 2000; Chuma et al., 2003, 2006). MVH is essential for
the assembly of the nuage (Chuma et al., 2006), and it co-localizes
and directly associates with MILI in the chromatoid body (Aravin et
al., 2008; Kuramochi-Miyagawa et al., 2004). MAEL directly associ-
ates with MVH and TDRD1 (Costa et al., 2006). Immunostaining of
GTSF1 by a speciﬁc antibody showed it to have a granular
distribution in the cytoplasm of spermatocytes and spermatids
(Yoshimura et al., 2007), reminiscent of the immunohistochemical
distribution of MAEL, MILI, MVH, and TDRD1 in the adult testis.
Therefore, GTSF1 might co-localize with MAEL, MILI, MVH, and/or
TDRD1 in the nuage. Consistent with this possibility, a recent report
suggested that GTSF1 may directly bind to RNAs through its two
CHHC Zn-ﬁnger domains (Andreeva and Tidow, 2008). The identi-
ﬁcation of molecules, RNAs and/or proteins, that directly associate
with GTSF1 should provide important clues to GTSF1's molecular
functions.Is retrotransposon activation a cause or a consequence of
meiotic defects?
Retrotransposon activation is probably not a consequence of the
meiotic defects, because (1) Mei1 disruption, which causes meiotic
arrest, does not lead to retrotransposon activation, (2) Atm, Dmc1, or
Mei1 knockout, each causes meiotic arrest, but does not show Line-1
demethylation (Carmell et al., 2007), and (3) an enhanced expression
of IAP was observed in the Gtsf1−/− testes at P8, before meiosis is
initiated in male germ cells (Supplementary ﬁg. 2).
The loss of Mael or Miwi2 causes the accumulation of DNA
damage in early-prophase meiocytes (Carmell et al., 2007; Soper et
al., 2008). Furthermore, double-mutant meiocytes lacking both Mael
and Spo11 exhibit DSBs that are distinct from the developmentally
programmed SPO11-generated meiotic DSBs, as indicated by γ-H2AX
staining (Soper et al., 2008). In our study, similar to the Miwi2
mutant testis (Carmell et al., 2007), many leptotene-like meiocytes
from the Gtsf1−/− testes appeared to be stained with the anti-γ-
H2AX antibody more intensely than those from the wild-type testes
(Figs. 5D and F). This observation suggests that Gtsf1−/− meiocytes
may undergo not only developmentally programmed DSBs but also
DSBs induced by the loss of Gtsf1, although the two are indistin-
guishable in our data. In any case, it remains to be determined
whether the elevated expression of retrotransposons causes the
additional DSBs seen in the Gtsf1, Mael, or Miwi2 mutant meiocytes.
If it is the case, another question is whether the additional DSBs
cause DNA damage in meiocytes severe enough to block meiotic
progression. In the reports on the forced expression of Line-1, the
expression of exogenous full-length L1 mRNA clearly induces DSBs
in human cell lines (Gasior et al., 2006), whereas the transgenic
expression of Line-1 does not seem to cause spermatogenic
disturbance (Ostertag et al., 2002). Some other factors, such as the
disorganization of histone modiﬁcations related to DNA methylation,
may contribute to the meiotic defects seen in the Gtsf1-, Mael-, Mili-,
and Miwi2-null testes (Aravin and Bourc'his, 2008). Further studies
aimed at revealing the link between retrotransposon activation and
meiotic defects in these mutants will be required to elucidate the
biological signiﬁcance of retrotransposon suppression during male
meiosis.
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domains
The UPF0224 family genes are computationally predicted in the
Pfam database (http://www.sanger.ac.uk/Software/Pfam/), and
their deduced products are characterized by two tandem copies of
CHHC Zn-ﬁngers, which may be responsible for binding RNAs
(Andreeva and Tidow, 2008). In fact, both the U11-48K and TRM13
proteins, which contain one copy of the CHHC Zn-ﬁnger motif,
interact with RNAs (Turunen et al., 2008; Wilkinson et al., 2007).
Despite the possibility of RNA binding, however, no reports have yet
shown a direct interaction between proteins encoded by the UPF0224
family genes and RNAs.
The present study is the ﬁrst report of a functional analysis of a
UPF0224 family gene in a mutant animal. To date, several mouse
genes involved in germ-cell development and germline stem-cell
proliferation, such as Mael, Mili, Miwi, Miwi2, Mvh, Nanos2, Nanos3,
and Tdrd1, have been identiﬁed on the basis of their structural
conservation with Drosophila homologues, which had been analyzed
by genetic experiments (Findley et al., 2003; Hay et al., 1988, 1990;
Cox et al., 1998; Lasko and Ashburner, 1988, 1990; Wang and
Lehmann, 1991; Boswell and Mahowald, 1985). In contrast, the
UPF0224 family genes have escaped attention, even though the
presence of Gtsf1 homologues has been predicted from databases of
various species, including Drosophila (Yoshimura et al., 2007). In the
mouse, two other hypothetical proteins belonging to this family are
expressed in germinal tissues (Yoshimura et al., 2007). Among the
UPF0224 family members in other species, the D7 protein, which is
found in Xenopus, is present in oocytes (Smith et al., 1988, 1990, 1991,
1992). Therefore, like Gtsf1, some of the other UPF0224 family genes
may play important roles in germ cells. The mutant analysis of Gtsf1
homologues in different model organisms will help determine
whether the UPF0224 family genes share one or more evolutionally
conserved functions, especially in gametogenesis, and should provide
important information on the molecular function(s) of GTSF1.Acknowledgments
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